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Abstract 
In this study, the effects of Al2O3 nanopowder addition on microstructure, mechanical and corrosion properties of Fe-Al2O3 
nanocomposites ball were investigated. The nanocomposites studied here contains 0, 10 and 20 vol.% of alumina nanoparticles. 
The powders were -milled for 12 h and compacted under cold pressure. The samples were sintered by microwave heating at 600 
W and 15 min. Microstructure of samples was studied by scanning electron microscopy (SEM). The corrosion resistance of 
samples was evaluated by Tafel Polarization Technique in 3.5% NaCl solution and their wear was studied using the ball on disk 
test. The results show that distribution of alumina nanoparticles in the Fe matrix is uniform. Wear properties were improved as 
the amount of alumina nanoparticles increased. But the addition of Al2O3 nanopowder is not effective on the electrochemical 
corrosion resistance and microstructure of sintered samples. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of UFGNSM15. 
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1. Introduction 
In contrast to conventional sintering method, microwave heating is a non-contact technique that the sample 
absorbs microwaves and the electromagnetic energy of microwave is converted to thermal energy. A lot of heat can 
be transferred inside the material, which results reduction in process time and saving the energy, Wong and Gupta 
(2007). The volumetric heating can improve the uniform temperature distribution and rapid heating leading to finer 
microstructures and hence better mechanical properties. The materials composition plays important roles in 
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materials interaction during the microwave sintering. Porous metal compacts when exposed to microwave heated at 
different rates that dependent on electrical/magnetic properties, Agrawal (2010).  
The alumina is a kind of reinforcement which is often used to enhance the mechanical properties of metal based 
composites. In the case of alumina-metal composite, the metal powder absorbed lot of microwave energy, but the 
alumina powder did not, Annamalai et al. (2013). The effect of microwave radiation on sintering of powdered 
ferrous alloy compacts studied by Annamalai et al. (2011). The ferrous compacts were sintered in microwave 
furnace of 2.45 GHz and 6 kW power for 60 min. It was observed that the microwave heating improves the 
properties of the sintered samples when compared with conventionally sintered samples. Hot-pressing sintering of 
Fe(Al)–Fe3Al-based composites reinforced with Al2O3 nanoparticulates reported by, Jia Li et al. (2009). The results 
showed that higher bending strength and fracture toughness were obtained for nanocomposites containing both 
intragranular and intergranular Al2O3 grains.  
In this study, Fe-Al2O3 nanocomposites were sintered using microwave. The effect of presence of alumina 
nanoparticles on the microstructure, corrosion and wear properties were examined. Fe powder and Al2O3 
nanopowder as starting materials mixed in a planetary ball mill and sintered in microwave in the absence of 
protective atmosphere. 
2. Experimental procedure 
Sample were made of Fe powder (99%, <65 µm, analytical grade) and Al2O3 nanopowder (99%, <20nm, analytical 
grade). Fe powder with 0, 10 and 20 vol.% of alumina and 3 wt.% polyvinyl alcohol (98 mol.% hydrolyzed) as 
binder were ball milled in a planetary ball mill for 12 h at a speed of 300 rpm under argon atmosphere. The ball to 
powder weight ratio was 5:1. The microstructure of the powder particles were investigated by SEM (Philips XL30) 
(fig. 1a). In order to corroborate of the obtained nanocomposite, the structure of Al2O3 nanopowders were evaluated 
by TEM analyses (Zeiss EMIOC) (fig. 1b).  
 
 
Fig. 1. (a)SEM image of micrograph of Fe powder before ball milling; (b) TEM image of micrograph of Al2O3 nanopowder. 
The milled powder was cold pressed into green compacts with dimensions of 25 mm diameter and 3 mm thickness 
at a pressure of 350 MPa. The green compacts were sintered in a microwave furnace (2.45 GHz) at 600 W for 15 
min in the absence of protective atmosphere. The compacts were placed in the alumina insulations to avoid direct 
contact of the compact and microwave radiation. Usually sintering temperature remains more than 700 oC, thus 
removal of binder is completed while sintering, itself. After sintering, microstructural analyses were made using 
optical microscopy and field-emission scanning electron microscopy (FESEM) Zeiss AMA. The corrosion behavior 
of the samples was studied by tafel polarization technique in 3.5% NaCl solution. Before the potentiostatic 
experiments, the samples were immersed into the electrolyte for 30 min to reach the open circuit potential (OCP). 
The potential ranged from -0.3 V to 1.5 V versus the OCP. Wear tests were done using the ball on disk test (ASTM 
G99 standard). The samples were tested against a rotating tungsten carbide pin. The pin was rotated with 100 rpm 
and sliding distance diameter is 5mm. 20 N of the vertical force was applied to the sample and the friction force was 
measured with a force sensor. 
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3. Results and discussion 
As shown in fig. 2, after 12 h of ball milling changes in the morphology and size distribution of sample powder 
particles are visible. It can be observed that sphere-shaped particles changed into flake-shaped particles and size 
distribution of powder particles increased. During ball milling, morphology and size distribution of powder particles 
have been changed because of the cold welding and fracturing of the particles, Liu et al. (2015), Yang and Ding 
(2012). The particle size of the Al2O3 nanopowders was estimated 20 nm from TEM image (fig. 1b). 
Figure 3 shows the cross-sectional SEM micrographs of sample sintered at 600 W for 15 min. The sintered sample 
exhibited fully dense microstructure without any distinct porosity and any radial cracks, which are similar to those 
reported previously by Anklekar et al. (2005), Panda et al. (2006), Annamalai et al. (2013). These results indicate 
that significant grain boundary diffusion is occurred. As seen in fig. 3, the difference in grain size and porosity level 
of the samples is not very significant; indicating that presence of Al2O3 nanopowder in nanocomposite is not 
effective on the densification and microstructure of sintered samples. Chemical analyses by EDS show that the 
uniform distribution of Al2O3 nanoparticles in the Fe matrix is achieved by mechanical process (fig. 4). The 




Fig. 2. SEM image of micrograph of powder particles: (a) Fe; (b) Fe-10% Al2O3 ; (c) Fe-10% Al2O3 after 12h milling time. 
 
Fig. 3. SEM image of cross-sectional microstructure of sintered samples: (a) Fe; (b) Fe-10% Al2O3 ; (c) Fe-10% Al2O3 (600 W for 15 min). 
 
 
Fig. 4. EDS spectrum and maps of distribution of alumina particles in iron matrix. 
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Figure 5a illustrates the obtained results of wear rate from the wear tests for the nanocomposite sintered samples 
fabricated in the different concentrations of nanopowders. It revealed that the Fe-20% Al2O3 has a dramatic decrease 
in wear rate with respect to the Fe free Al2O3, while Fe-10% Al2O3 sample showed a low difference from Fe free 
Al2O3. These results showed that the addition of Al2O3 nanopowder in the Fe matrix caused improves its wear 
behaviour, Jeyasimman et al. (2015). In the case of samples with Al2O3 nanopowder, the wear rate increase during 
the test. It seems that nanoparticles play a more effective role in increasing of mass loss phenomenon, Jeyasimman 
et al. (2015), Landolsi et al. (2010). 
 
 
Fig. 5. (a) Wear rate data from wear tests for sintered samples; (b) Coefficient of friction of sintered samples. 
Coefficient of friction of the samples (fig. 5b) showed that higher alumina in the nanocomposite caused higher 
levels of friction. As the nanocomposite samples is composed of hard alumina nanoparticles and a relatively soft 
iron phase (as matrix), the sample with more alumina showed higher friction behavior, Jeyasimman et al. (2014), 
Hassan and Gupta (2005). 
As the nanocomposite samples is composed of hard alumina nanoparticles and a relatively soft iron phase (as 
matrix), the sample with more alumina showed higher friction behavior. Increasing the coefficient of friction of 
sample with Al2O3, compare to the sample, without Al2O3, could be due to the improved distribution of Al2O3 
nanoparticles and Fe powders resulting from ball milling process. The intergranular Al2O3 nanoparticles could pin 
the grain boundaries and cause grain boundary strengthening. Intragranular Al2O3 nanoparticles could act as 
obstacles that effectively impeded the movement of dislocations. These factors had contributed to the improved 
mechanical properties, Li et al. (2009). 
Polarization curves for sintered samples immersion in 3.5% NaCl solution are shown in fig. 6. Different corrosion 
parameters like corrosion potential (Ecorr), corrosion current density (icorr), corrosion rate (C.R), polarization 




Fig. 6. Polarization curve of the sintered samples in 3.5% NaCl solution. 
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                     Table 1. Ecorr, icorr and C.R of samples tested in 3.5% NaCl aqueous solutions. 
sample Ecorr (mV) vs SCE icorr (µA.cm-2) βca (mV) βan (mV) C.R (mpy) Rp (kΩ.cm2) 
Fe -467 5.16E+01 121 101 1.23E+02 0.464 
Fe-10% Al2O3 -620 7.23E+01 113 93 1.73E+02 0.307 
Fe-20% Al2O3 -630 9.69E+01 144 129 2.31E+02 0.305 
 
In comparison with the Fe free Al2O3, Ecorr increases from -467 to -620 mV vs SCE, icorr increases from 5.16E+01 to 
7.23E+01 μA.cm-2 and C.R increases from 1.23E+02 to 1.73E+02 mpy for Fe-10% Al2O3. As 20% Al2O3 is 
added, Ecorr increases to -630 mV, icorr increases to 9.64E+01 μA.cm-2, C.R increases to 2.31E+02 mpy. Since this 
influence becomes less, indicate that the addition of Al2O3 nanopowder is not effective on the corrosion behaviour. 
4. Conclusions 
Fabrication of a Fe-Al2O3 nanocomposite was successfully realized by microwave sintering, using a 600 W power, 
within 15 min, without the need for a protective atmosphere. The reinforcement effect of Al2O3 nanopowder is 
significant in regard to the wear rate and coefficient of friction of the sintered nanocomposite: higher alumina in the 
nanocomposite caused higher coefficient of friction and lower wear rate. But the addition of Al2O3 nanopowder is 
not effective on the electrochemical corrosion resistance and microstructure of sintered samples. 
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